Low-temperature single crystal Raman spectra are presented for the organic ferromagnetic insulator TDAE-C60. The mode intensities, lineshifts, linewidths and depolarization ratios are compared with alkali-doped fullerene materials and with pure C60. A comparison of visible laser light excited spectra (Eexc. = 2.41 eV) with infrared excited Raman measurements (Eexc. = 1.17 eV) shows a selective resonance effect whereby in the visible, a frequency shift of only the tangential modes is observed, while in the infraredwhich is resonant with the t1u → t1g electronic transition -also the radial modes are observed to shift. The effect is attributed to Raman resonance with different relaxed states of C60 anion.
Introduction
The molecular charge transfer complex TDAE-C60 (TDAE is tetrakis (dimethyl-amino) ethylene) has become a subject of intensive study after the discovery of a possibly ferromagnetic transition at Tc = 16 K [1] . It crystallizes in a monoclinic C2/v unit cell containing four formula units. The shortest C60-C60 distance is 9.95Å (along c) which implies that there are no polymer bonds between the neighboring C60 ions. ESR studies of TDAE-C60 have shown that the unpaired electron is mainly localized on the C60 ion [2] . The transport measurements of TDAE-C60 down to 110 K showed insulating behavior with phonon-assisted polaronic hopping between relatively weak coupled C60 ions [3] . On the other hand, ESR and NMR studies have indicated the importance of the electron correlations even above Tc. It was suggested that the origin of the weak ferromagnetism (FM) in TDAE-C60 is a superposition of the direct anti-FM coupling between C60 ions along the c-direction and TDAE-assisted indirect FM coupling in the perpendicular direction giving rise to a spin-canting [4, 5] .
One can expect that any symmetry reduction of C60 ions in TDAE-C60 should reveal itself in the appearance of silent and combination modes in the Raman spectrum, as it was observed, for instance, in the MC60 (M=K, Rb) Raman spectra below 397K [6] . The early Raman and IR measurements of TDAE-C60 were performed on powder samples or doped C60 films [7] [8] [9] and their results are rather controversial. Thus, the experiments performed on TDAE-C60 single crystals are of great importance.
Experimental.
The TDAE-C60 single crystals were grown by the diffusion method [4] . The existence of a FM transition at 16 K in the crystals was confirmed by ESR. Since TDAE-C60 is highly reactive with oxygen, crystalline samples were glued on the cold finger of the CF2102 Oxford cryostat in the argon glove box. The cryostat was afterwards evacuated to 10 -6 mbar. To avoid a systematic error the Raman spectra of the single crystals of TDAE-C60 and C60 were always measured simultaneously.
In order to obtain the Raman spectra of TDAE-C60 crystals an argon-ion laser line at λ=514.5 nm (Eexc=2.41 eV), resonant excitation with the hu→t1g transition of C60 was used. To avoid any photo-degradation effect observed on powder samples [9] , the laser light was focused on the sample with a cylindrical lens and its power density was limited to 10 W/cm 
Results and Discussion
The Raman spectra of the TDAE-C60 and C60 crystals at 10K are shown in Fig.1 . One can see that the main features in both spectra are very similar and we can assume that the crystal field influence on the internal symmetry of the C60 ion is weak and describe TDAE-C60 modes as derived from the corresponding C60 ones. The polarization study has shown that the ratio IVH/IHH=0.1 of the Ag(2) mode in TDAE-C60 is close to this value in the pristine C60 [11] . Interestingly the strong selection rule for the radial Ag(1) in C60 (IVH/IHH=0.02) is considerably weakened in TDAE-C60 and becomes similar to that of the Ag(2) mode.
Apparently in TDAE-C60 the violation of selection rule for Ag (1) mode is a manifestation of symmetry breaking arising from an anharmonic potential caused by short distances between C60 and TDAE. In contrast, the IVH/IHH ratios for Hg-derived modes (0.3-0.5) are comparable with their values in the pristine C60 [11] . Taking into account [12] two weak features at 484 and 760 cm -1 can be assigned to the Gg(1) and Hg(1)⊕Gg(1) even parity vibration and combination mode respectively. The weak band at 1084 cm -1 is probably the odd parity mode Gu(4) also observed in the C60 Raman spectrum.
Comparing the peak positions of TDAE-C60 and C60 one can see that the most sensitive to the charge state of fullerene molecule Ag(2) mode is down shift of 6 cm -1 , which is in a good agreement with the charge-frequency correlation curve for this mode of MnC60 (M=K, Rb, Cs) suggesting a softening of 8 cm -1 (for n>1 the shift value was normalized per one electron transferred from the alkali metal [10, 11] ). It should be noted that Raman modes with mainly radial character of carbon displacements Ag(1), Hg(1,2,3) [13] are downshifted in frequency much less (or not shifted at all) than the high frequency modes Ag(2), Hg (7, 8) with predominantly tangential character. The analogous behavior of the Raman modes observed earlier in the spectra of alkali metal doped C60 compounds was explained by a charge transfer-related effect [14] .
Comparing the effects of resonance on our results with the data of [8] who performed Raman spectroscopy at λ=1064 nm we see that positions of the tangential modes (w>700 cm -1 ) correspond well in the two cases, but there are big differences in the frequencies of the radial modes. According to [8] all radial modes are downshifted near 7 cm -1 , which is not observed with 514.5 nm excitation. We suggest that the origin of this effect is related to resonance of the 1064 nm laser line with the t1u→t1g electronic transition of C60 -anion [15] . Upon resonant photoexcitation, a Frank-Condon relaxed state denoted as C60 -* is created by the incident photon, with new t1u* HOMO and t1g* LUMO levels derived from the original t1u and t1g levels of the unexcited anion. The suggested transitions between such states are shown in Fig. 2 (only electronic levels are indicated for simplicity). In the Herzberg-Teller formulation, for Eexc.=1.16eV, the first exciting transition would be t1u→t1g, and the second from t1g* to t1u* vibronically modified ground state. Since the relaxation of the t1g* and t1u* levels also in modified vibration frequencies, we observe a shift in the radial and tangential mode frequencies.
A slightly different set of transitions is involved for Eexc.=2.41 eV (transition B in Fig. 2 states, and hu the final state. In this case only tangential modes are shifted. Combining the fact that tangential modes shift for both excitation wavelengths, and the common intermediate state in both resonance experiments in the t1g* level, we can infer that the shift of the tangential modes arises because of vibronic coupling to the relaxed t1g* level. It follows that the shift of the radial modes arises due to coupling to the t1u* ground state.
Conclusions
It was shown that in the Raman spectra of TDAE-C60 single crystals very few additional optical modes over those anticipated from Ih symmetry of C60 anion were observed which can be considered as evidence for weak intermolecular coupling in TDAE-C60. High frequency tangential modes of TDAE-C60 exhibit a softening similar as in alkali-doped fullerene compounds which is attributed to elongation of C-C bonds in aromatic rings, which is in contrast to the behavior observed by Denisov et al. [8] with 1064 nm resonant excitation, where both tangential and radial modes shift in frequency. The effect is attributed to selective Raman resonance with two different relaxated states of the C60 -molecule.
